It is well recognized that many of the concrete infrastructures in North America exhibit important deterioration which can be attributed to environmental attack and heavy traffic load. According to their load capacity rating, many of these concrete bridges should be retrofitted, or at least posted to limit heavy traffic. Meanwhile, it has become apparent that conventional analytical tools, as proposed by standards and codes, tend to underestimate bridge load capacity. The representation of a particular bridge in terms of live loads, material strength, load distribution, etc. may not be sufficiently accurate for a specific bridge. Therefore, bridge testing and monitoring have grown in popularity and have become acceptable means to follow bridge structural safety. The paper presents the structural assessment of a typical 50 years single span concrete bridge. Field tests, using trucks for static and dynamic loading, are presented. Different sensors, monitoring beam deflection and rotation, mechanical deformation, crack openings, etc., were used to better assess the load distribution, the structural rigidity and impact factor coefficient. Material samples have also been extracted from the structure and corrosion potential measurements performed to better determine material characteristics. These different experimental results were used to calibrate a representative numerical bridge model, which will be later used for structural assessment and reliability analysis.
Introduction
The deterioration of concrete infrastructures in North America has become a common theme in many publications and technical meetings. In fact, a significant number of bridges are old and in need of repairs or strengthening. Deterioration of concrete bridges is principally caused by severe exposure conditions. Environmental conditions and increase of traffic volume and loads are mainly responsible for the deterioration process, more especially since many of the infrastructures on the American East Coast were constructed and designed during the 50's and 60's with much lower traffic loads than today's standards. In this context, the load carrying capacity evaluations of many concrete bridges yields results that are not respecting the actual standards requirements.
Consequently, actions must be taken to repair, strengthen or limit heavy weight traffic in order to keep those bridges safe.
Meanwhile, it has become apparent in literature (especially in the Canadian code) 1,2 that conventional analytical rating methods for some concrete bridges maybe questionable. It is frequent to classify some concrete bridges as structurally deficient, according to their structural assessment, even if they don't show major signs of distress. The conventional analytical method prescribed by the Canadian code, initially intended for design, is not capable of representing accurately the structural behavior of existing bridges. As a result, estimates of bridge load carrying capacity are usually quite conservative. Apparently, this phenomenon is not exclusive to the Canadian code since many countries have recorded the same tendency. 3, 4, 5, 6 The assumptions on which an evaluation procedure is based are intended to adapt the method to a large range of bridge types while being as simple and convenient as possible. Therefore, parameters used in bridge assessment such as live loads, material strength, load distribution, etc. are, by necessity, conservative. Furthermore, to simplify the procedure, secondary sources of strength are usually reduced or neglected (redundancy, support fixity, differences in actual versus assumed material properties, etc.). In fact, the assessment precision is limited by the confidence we have of the information available.
A significant number of examples are available to demonstrate the actual procedure inefficiency and its lack of precision. Therefore, there is no other choice than question ourselves on the relevance to use a conventional analytical approach to assess the load carrying capacity of concrete bridges. There is clearly a need to review and refine our existing methods and to develop new improved techniques which can more realistically model the ultimate load capacity of bridges. 3 The following paragraphs go through different approaches used in the Province of Quebec to obtain more specific information and to improve the assessment accuracy. These approaches will, hopefully, avoid the socio-economic drawbacks involved with the action of posting or closing a bridge.
Specific approaches for deficient bridges
As mentioned, load carrying capacity assessment is based on conditions that do not always represent accurately the structure's history (environmental exposure, structural conditions, etc.). When such an evaluation is performed, one needs to assess the structure at a given point in time through auscultation. Auscultation can be defined as a combination of investigations and specific in situ measurements to better evaluate the actual condition of a bridge. Destructive testing, in the sense of removing samples from a structure, is one type of auscultation that is used to define material characteristics. These tests are useful to gather (or update) information not accessible in drawings, construction records or visual inspections. Integration of actual material properties and general structural elements condition (structural integrity) in the assessment is a mean of improving the confidence level toward a specific bridge or type of bridge. Another type of auscultation is related to in situ measurements by monitoring and field testing. These techniques have grown in popularity in the recent years and have become acceptable means to estimate bridge structural safety.
Long-term monitoring
Inaccurate conclusions can be limited by the use of long-term monitoring under service conditions. To consider the use of a monitoring system, the bridge must show signs of ductile failure behavior and sufficient short-term reliability. One of the objectives of monitoring in service is to follow the evolution of the bridge structural behavior and the degradation rate of key parameters (for example: rotation of support or mid-span deflection). An alarm limit is determined for each of those parameters. Results from monitoring often tend to confirm higher load-carrying capacities than predicted by conventional analytical methods.
One of the variables that can be defined more accurately by monitoring is the traffic live load, which presents a high level of uncertainty 5, 6 . When designing a new bridge, no actual data of the traffic conditions is usually available. Therefore, the designer must consider the traffic condition proposed by standard. However, when the bridge is in operation, it is well worth obtaining some traffic data (actual average number of truck per day, axle loads, most frequent truck configuration) to obtain a more reliable rating. Knowledge of the actual loads on a bridge can be a mean to explain the adequate behavior of a bridge.
Field testing
Diagnostic load testing is one method involving loaded trucks of known weight for verifying, and sometimes determining, the strength capacity of existing bridges. Static tests consist in positioning a truck across a bridge along various predetermined load paths and recording strains, deflection and rotations measurements with different gauges and computer-controlled data-acquisition system. Dynamic amplification factor and modal frequencies are obtained by running dynamic load tests, usually by way of a truck of known speed and weight.
Analytical Modeling
An important component in the evaluation process concerns the adoption of the most suitable structural model. The use of models, calibrated using the current state characteristics of the bridge as determined from experimental data, is a mean to simulate the stress distribution and structural behavior under loads in order to evaluate member or system capacity. Moreover, it allows establishing the structural redundancy of concrete assemblies, a parameter often neglected or underestimated in conventional method. 
Case Study: Saint-Marcel Bridge
The Saint-Marcel Bridge, constructed in 1944, is a single span concrete bridge composed of two T-beams connected by an upper slab (Figure 1 ). This bridge has a span length of 23 m, a width of 7 m and a skew of 56°. This bridge is representative of 76 single span T-beam bridges found in the Province of Quebec network. Visual inspection of this bridge has showed shear cracks near the support, flexural cracks at midspan and a large longitudinal crack under the deck (halfway between the beams). Concrete spalling and surface efflorescence were also observed at the end of the beams and on the diaphragms. Although signs of severe deterioration were observed at certain locations, the substructure was in relatively good shape, with little apparent physical evidence of distress that could potentially affect the bridge structural behavior.
Assessment of the load-carrying capacity with the analysis method proposed in the Canadian code showed that this bridge is able to carry only 30% of the legal maximum load on this road. It should be observed that the method used for the assessment is only rigorously valid for skew bridges up to 25°. This method has been used as a first estimate of the bridge loading capacity.
Because of the low rating initially obtained and since closing the bridge is not a possible solution, authorities have decided to replace the bridge. However, because imminent failure is not anticipated, a monitoring program was put in place to follow the deterioration rate of this type of non-redundant structure. Instrumentation was installed in order to monitor inadequate behavior. 
Instrumentation and monitoring
The instrumentation of the Saint-Marcel Bridge was installed principally on the two beams. These instruments consisted of:
10 thermo-gauges at mid-span to measure internal temperature; 6 potentiometers to measure cracks opening; 2 strain gauges installed at the bottom of the girders to measure longitudinal deformation; 1 electronic level and 2 inclinometers at the end of a girder to measure beam end rotations.
Additional instruments were installed during the field testing. Among them are:
4 Omega-shaped ( ) gauges to measure the elongation of the structure; 2 strain gauges welded directly on the longitudinal steel rebars of the girders; 2 displacement gauges installed at midspan to measure vertical displacement; 6 accelerometers installed on the deck to measure the dynamic amplification factor and modal frequencies.
Field testing
Static and dynamic load tests were performed on the bridge in September 2002. Two standard twoaxle dump trucks filled with sand and weighing 25 600 kg and 27 600 kg were used to load the bridge.
For the static tests, 4 longitudinal load paths with each 9 positions were followed by a truck. The load paths are shown in figure 2 . Note that the rear axle was defined as the indicator for a stop position. Tests were also conducted combining the two trucks on the same path and on different paths. Data acquisition was performed at the rate of 10 samples per second. The peak live-load that was recorded during the static tests yielded a tensile strain of 108 µ at mid-span (position 5) of girder 1. In addition, the maximum deflection measured (two trucks, path C) is 4.3 mm. This result shows that the experimental maximum deflection is far from its corresponding theoretical serviceability limit of 28 mm. The results for the load distribution between the girders are currently being investigated. They will be used to evaluate the actual in situ lateral distribution factor, and calibrate the numerical representation of the bridge structural behavior. Figure 3 shows the distribution of displacements caused by the truck located at mid-span on each of the four load paths. From this figure, it is observed that girder 2 tends to be slightly stiffer. Measurements recorded will be used to evaluate the stresses in different sections of the elements. Measurements taken with the accelerometers will permit evaluation of the frequencies of the bridge.
Non-destructive testing
Non-destructive and destructive methods were used to determine and to quantify the properties and the extent of deterioration of in-place materials on the bridge. Among these tests, nine cores were taken from the deck, the girders and the diaphragms to assess the strength and integrity of the concrete. Results revealed that compressive strength exceeded original design requirements. In fact, the mean value of the compressive strength of concrete is 42 MPa in the girders and diaphragms, and 35 MPa in the deck. Chloride ion content was also evaluated to assess the condition of the reinforcing steel in regards to corrosion susceptibility. Although chloride ion contents measured are high, results have shown that there is no reinforcement corrosion (most probably due to the type of steel). Cores have also shown that there is an excellent bond between the concrete deck and of the girders. In summary, tests performed have shown that the structure is in a much better general condition that what was originally expected (and used in the standard load carrying capacity evaluation). 
Discussion
All the data obtained from the long-term monitoring and the field testing is still currently being sorted and analyzed. Follow-up of the long-term monitoring parameters will allow determining if there is a progression of the deterioration rate, particularly for the opening of some shear cracks and the progressive sagging at mid-span. Data from the load tests will allow learning more about the structural behavior, particularly about the ability of the bridge to redistribute loads. It will also allow verifying the validity of the specifications proposed by the Canadian code for this type of bridge. Even now, it is possible to say that specifications used in the original assessment were not representative of the maximum probable traffic conditions or material properties. In fact, traffic data obtained for this bridge showed that the average number of truck per day is 24, weighing much less than the standard truck proposed by the Canadian code 1 . Consequently, the simultaneous loading of the two traffic lanes with the CL-625 truck (625 kN), as proposed by the Canadian code 1 , is inappropriate and over conservative for this bridge. However, the dynamic amplification factor (DAF) of 30% proposed by the code seems to be coherent with the DAF obtained from experiments. But, as mentioned by Akoussah et al. (1997) 9 , several parameters influence the dynamic amplification of a bridge, such as the dynamic characteristics of both the vehicles and the bridge, the initial loading conditions, the surface profile of the pavement, etc. For this reason, an extended interpretation of the experimental DAFs obtained is difficult at this point.
The observations pertaining to the lateral load distribution was shortly discussed in Section 3.2. In fact, very little research has been conducted in the area of skew bridges. Therefore, there is a lack of information in the North American codes of practice regarding moment distribution factors for skew bridges. The influence of skew on simply supported concrete bridges is not well known; studies on simply supported skew composite bridges show that the angle of skew is the most important parameter affecting girder moments in composites bridges and that the moment distribution factor increases significantly with increase in skew between 30° and 60°. 10 Following this observation, it is possible to suggest that the large skew angle of the Saint-Marcel Bridge causes important flexural stresses in the transverse direction. A linear model using a mesh representation method is actually being completed and will be correlated with the tests results. This model will be used as a tool to better understand the bridge's structural behavior. It will permit to validate the distribution factors used in condition assessment and calculated from the method defined in the Canadian code. This is an important step since a large skew can lead to (unwontedly) conservative bending moments.
The information available shows an adequate behavior of the bridge (good materials properties, high flexural stiffness, strains in elastic domain, low deflections, symmetric behavior, etc.). The uncertainties involved in predicting the materials properties, the loads and the deterioration rate are therefore reduced. Using this improved confidence and the Canadian code provision, which allow adjusting target reliability indexes depending on the behavior of an element, of the system and on the level of inspection, a new structural assessment should be performed. Different "reliability index" approaches are available. Cheung and Li (2002) 11 recommend a reliability assessment for each particular design to achieve significant economical saving. Also, Chajes et al. (2002) 12 suggest not to reduce the reliability index itself simply based on in service data, instead, these inservice data should be used to better understand the variability of the live loads effects, and hence determine more appropriate load factors.
Summary
Long-term monitoring and field testing are efficient approaches to provide more accurate information and a great deal of insight into the actual condition of a specific bridge. Experimental results from the case studied are still being investigated but preliminary results seem to show that the conventional method tend to underestimate bridge load carrying capacity. However, more analysis is necessary to assess with conviction the presence of higher capacity. Nevertheless, confidence towards the bridge is improved since the material properties and the actual traffic loads are known and the structural response is better understood. Consequently, this valuable information is sufficient to recommend the review of the reliability index (or load factors) for this specific bridge. The current model, not completed yet, will allow studying the influence of the high skew angle on the transverse distribution of loads. It may also be used to anticipate failure mode in order to propose alarm limit for bridges with similar attributes. If good results are obtained with this bridge, similar monitoring program could be applied to other deficient bridges in order to reduce the number strengthening activities or replacements of existing concrete T-beam bridges.
